Due to their high surface area to volume ratio, nanofibers are expected to be used in a wide range of applications such as tissue engineering, filter media and reinforcements in composites. The electrospinning technique is a simple method for the fabrication of nanofibers. In this technique, a polymer solution is blown out from a needle hole, while an electric field is applied between a polymer solution and a target. During the electrospinning process, the solvent evaporates and polymer nanofibers are fabricated on the target. To add special functions to nanofibers, functional particles such as calcium carbonate and TiO2 were reported to be used as nano-fillers for nanofibers. Carbon nanotubes (CNTs), which have excellent mechanical, electrical, chemical resistance and electromagnetic properties, were reported to be reinforcement for bulk polymer resin and are anticipated to be reinforcing nano-fillers. However, due to challenges such as manipulating extremely small fibers, preparing samples of single-nanofiber and sourcing for accurate and sensitive force transducer, it is difficult to evaluate the mechanical properties of CNT reinforced nanofibers. In this study, CNT/polylactic acid (PLA) nanofibers were fabricated by the electrospinning method using the electrical potential difference between two Cu strips of target and the mechanical properties of CNT/PLA nanofibers were evaluated. The morphology of the composite fibers and the dispersion of the CNT within the fibers were observed using transmission electron microscopy. Tensile tests on PLA and CNT/PLA single nanofibers were successfully conducted using a nano-scale tensile testing machine. The tensile strength of PLA and CNT (0.5 wt.%)/PLA nanofiber were 95±23 MPa and 102±35 MPa, respectively. The addition of CNT for 0.5 wt.% to PLA did not affect the mechanical properties of PLA nanofiber.
Introduction
Polymer nanofibers, which have small fiber diameters compared with micro-fibers having fiber diameters of micrometers, are expected to be used for a wide range of applications such as tissue engineering [1] and filter media [2] , among others, since polymer nanofibers have such characteristics as nanosize effects, high surface area to volume ratio, and supramolecular arrangement effects [3] . The electrospinning is a common method for the fabrication of nanofibers. In this process, when high-voltage is applied between a polymer solution and the target, the polymer solution is blown out from a needle hole. During the electrospinning process, the solvent evaporates and polymer nanofibers are fabricated on the target [3] [4] [5] . Many thermoplastic polymers such as polyacrylonitrile [6] , polyimide [7] , and polyvinyl alcohol [8] have been already succeeded in forming nanofibers by the electrospinning method. When used for scaffolds, polylactide acid (PLA), which is biocompatible and has high strength, has attracted attention. In addition, to add special functions to nanofibers, functional particles such as calcium carbonate [9] , oxidized titanium [10] and carbon nanotubes (CNTs) [11] were reported to be used as nano-fillers. Among these nano-fillers, CNT, which has excellent mechanical, electrical, thermal, and electromagnetic properties, has been reported to be reinforcement for bulk polymer resin and is also anticipated to be a reinforcing nano-filler [12] . While, due to some challenges such as high cohesive property of CNT, manipulating extremely small fibers, preparing specimens of single-nanofiber, and sourcing for accurate and sensitive force transducer, it is difficult to evaluate the mechanical properties of CNT reinforced nanofibers [13] .
In this study, the fabrication methods of nanofibers with dispersed CNT were examined, and carbon nanotube reinforced PLA (CNT/PLA) single nanofibers were fabricated by the electrospinning method that used the electrical potential differences between two Cu strips of the target; then the mechanical properties of PLA and CNT/PLA nanofibers were investigated.
Materials and experimental procedures

Materials and fabrication process
PLA (weight-average molecular weight, M w = 2.7×10 5 g/mol) was used in this study. Multiwalled carbon nano-tubes (MWCNT, Showa Denko) with 6 m in length, 150 nm in average diameter and 10-500 in aspect ratio were used as nanofillers. Dichloromethane (DCM) was used as solvent and dimethylformamide (DMF) was used to control solution conductivity.
The polymer solution was prepared by adding PLA pellets (8 wt.%) to DCM/DMF (8:2 weigh/weigh: w/w), then the solvent was stirred at 30°C for 45 min. In the case for carbon nanotube reinforced polylactide (CNT/PLA), CNT (0.5 wt.%) was added to the solvent, two kinds of stirring methods were used in order to investigate the difference of CNT dispersion.
Stirring condition (A): PLA pellet was added to DCM/DMF (8:2 w/w) solvent which was stirred at 30°C for 45 min. Then, CNT was added to the solution and stirred for 20 min.
Stirring condition (B): CNT was added to DMF and stirred at room temperature for 12 hours. Then, PLA pellets were added to DCM and stirred at 30°C for 45 min. Then, the two solutions were mixed and stirred at room temperature for 12 hours.
The PLA and CNT/PLA solutions were spun into nanofibers by using an electro-spinning system (NEU, Kato Tech). Figure 1 shows a schematic diagram of the electrospinning process. Electrospinning was conducted at room temperature (20±3°C) and at 35-40% relative humidity. Potential differences between the needle and the target were set at 10, 16 and 24 kV and feed speed of the syringe was set at 3.0×10 -4 ml/s. PLA and CNT/PLA nonwoven nanofibers were spun on the target of aluminum foil, which was used for the observation of the structure and morphology of PLA and CNT/PLA nanofibers. To fabricate aligned single nanofibers for the tensile test, two Cu strips, which were placed in parallel at a 30 mm distance, were used for the target (as shown in figure 2 ). The potential difference between two Cu strips was set at 3 V [14] . Scanning electron microscopy (SEM, JSM-6390LT, JEOL) was used to observe the structure and morphology of PLA and CNT/PLA nanofibers that were spun by the electrospinning system. The specimens were covered with platinum by sputter-coating and observed at an accelerating voltage of 15 kV. Transmission electron microscopy (TEM, JEM2100F, JEOL) was used to observe the dispersion of CNT in the fibers at an accelerating voltage of 200 kV. A differential scanning calorimeter (DSC, DSC-60, SHIMADZU) was used to measure the crystallinity and melting behavior of the fiber specimens.
Mechanical properties of single nanofibers
Aligned single nanofibers were used for specimens for the single fiber tensile tests. A single nanofiber was glued to a tab with conductive tapes as shown in figure 3 . The tensile tests of nanofibers were conducted by using a nano tensile testing machine (NanoTensile, Hysitron), at a displacement rate of 10 m/s (0.6 mm/min). This testing machine has 500 mN load range and 3.5 m noise floor. After the tensile tests, the diameter of the nanofibers, which were bonded to conductive tape, was measured by using SEM. The average value of diameters, which were measured at five points, was used to calculate the tensile strength. Figure 4 shows the observation of polymer solution that was observed by an optical microscope. Significant differences in the dispersion of CNT in polymer solution due to the differences in the stirring methods were observed. Stirring method (B), which is longer in stirring time of DMF and CNT than stirring method (A), was confirmed, more clearly than stirring method (A), with masses of CNT not remained but dispersed in polymer solution. Figure 5 shows the TEM observations of CNT/PLA nanofibers, which were stirred by stirring methods (A) and (B). CNT was contained in PLA nanofibers. In addition, differences in the orientation of CNT in nanofibers due to the differences of the stirring methods were observed. CNT was not oriented axially relative to PLA and mass of CNT was observed in the nanofibers obtained by stirring method (A). CNT was oriented axially relative to PLA in the case of stirring method (B). Figures 6 and 7 show the SEM observations of PLA and CNT/PLA nonwoven nanofibers with applied voltages of 10, 16 and 24 kV. PLA nanofibers with relatively-uniform diameters were fabricated at an applied voltage of 16 kV in PLA and at an applied voltage of 10 kV in CNT/PLA nanofibers. For both PLA and CNT/PLA nanofibers, the higher voltages were applied, the more the diameters of the fibers were varied. A cause of applied voltages to fabricate uniform nanofibers being different between PLA and CNT/PLA, was considered to be the differences of electrical conductivity of polymer solution. As CNT has good electrical conductivity, it is considered that the electric conductivity of polymer solution was increased by adding CNT, and then differences in the fabrication conditions were observed. DSC was used to measure the crystallinity and melting behavior of the fiber specimens. The heating curves are presented in figure 8 . The glass transition temperatures, melting points and crystallinity values of PLA nanofibers were recorded at 59.9°C, 170.3°C and 45.5% respectively. The glass transition temperatures, melting points and crystallinity values of CNT/PLA nanofibers were recorded at 64.3°C, 171.0°C and 41.7% respectively. The glass transition temperature of CNT/PLA nanofibers was higher than that of PLA nanofibers and the crystallinity values of CNT/PLA nanofibers were lower than those of PLA nanofibers. On the other hand, the melting points of PLA nanofibers were not affected by the addition of CNT. Figure 9 shows the results of tensile tests. The tensile strengths of PLA and CNT/PLA nanofibers were 95±23 MPa and 102±35 MPa, respectively. The addition of CNT by 0.5 wt.% to PLA did not affect the mechanical properties of PLA. 
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Conclusions
Fabrication methods of nanofibers with dispersed CNT were examined and PLA and CNT/PLA single nanofibers were fabricated by an electrospinning method that used the electrical potential differences between two Cu strips of the target; then the mechanical properties of PLA and CNT/PLA nanofibers were clarified. The investigations led to the following conclusions:
(1) The tensile strengths of PLA and CNT/PLA nanofibers were 95±23 MPa and 102±35 MPa, respectively. The addition of CNT by 0.5 wt.% to PLA did not affect the mechanical properties of PLA nanofibers. (2) After adding CNT, the glass transition temperature of PLA nanofibers was higher than that of CNT/PLA nanofibers and the crystallinity values of PLA nanofibers were lower than those of CNT/PLA nanofibers. On the other hand, the melting point of PLA nanofibers was not affected by the addition of CNT.
